INTRODUCTION
Lipid rafts, the nanoscale lipid domains, in a plasma membrane of living cells play a crucial organizing role in cellular signaling and regulatory cascades [1] [2] [3] [4] [5] [6] . Micrometer-sized lipid domains with a liquid-crystal-like order are easily observable by optical fluorescence microscopy in model membranes made of heterogeneous lipid mixtures 4, [7] [8] [9] [10] . However, their cellular counterparts are expected to be much smaller, nanometer-sized, making them only resolvable by electron and atomic force microscopy techniques [11] [12] [13] [14] . In a cell, many membrane proteins permanently reside in raft membrane domains, which is essential for their function 5, [15] [16] [17] [18] [19] . Ras, a small monomeric GTPase, provides an intriguing example of a membrane protein that dynamically switches its nanodomain affinity upon transition between its active and inactive functional states (bound to GTP and GDP, respectively) [20] [21] [22] [23] .
Ras is a small monomeric GTPase involved in regulation of cell growth, proliferation and differentiation 24 . Mutations in the Ras genes are observed in up to 25% of all human cancers, which makes Ras one of the major targets for cancer therapy [25] [26] [27] [28] . Ras consists of a GTPase catalytic domain (G domain) binding guanine nucleotides and the C-terminal peptide anchored to the inner leaflet of plasma membrane through a posttranslational lipidation motif [29] [30] [31] . Membrane attachment is crucial to Ras function: most effector proteins can only be activated by Ras-GTP when it is attached to the membrane surface 25, 32 .
Ras proteins are represented by three Ras isoforms with a high degree of homology and nearly 90% sequence identity in the N-terminal GTPase domain 33 . The remaining C-terminal 22-23 amino acids, known as the hyper-variable region, have no sequence similarity except for the conserved CAAX motif necessary for membrane targeting 34 . The variability of the C-terminal sequences of the Ras isoforms leads to different processing patterns in the cell. All Ras isoforms are modified by attachment of a prenyl (farnesyl) chain at the extreme C-terminal cysteine. H-Ras and N-Ras additionally get two and one palmitoyl chains, respectively, while K-Ras4B features a polybasic domain as alternative membrane-anchoring mechanism 29, 35 . It was demonstrated that the membrane-targeting region is responsible for partitioning of proteins between membrane domains 36 .
Dynamic change in H-Ras localization from cholesterol-rich rafts to the disordered lipid domains upon activation (GTP binding) was first observed using density gradients and immunogold electron microscopy in native cellular membranes 22, [37] [38] [39] [40] . Explanation of this behavior of HRas was proposed when scaffolding protein galectin-1 was found to associate with activated HRas nanoclusters in disordered lipid domains 41 . The K-Ras isoform was found residing in the disordered phase irrespective of its activation status (bound GDP or GTP) 22, 38 . The lipid domain preferences of N-Ras remain controversial as it was observed in a raft phase of COS-7 cell membranes when in the GDP form 42 , while Roy reported that N-Ras-GDP was localized in the disordered lipid phase of BHK cells and moved to raft domains upon GTP binding 43 . Experiments in model membranes recapitulated none of these findings: N-Ras was found concentrated at the raft/disordered domain boundary in model lipid bilayers irrespective of the bound nucleotide [44] [45] [46] [47] .
The cited reports characterized N-Ras behavior in very different membranes systems: from natural plasma membranes of BHK and COS-7 cells to synthetic lipid mixtures, which might be one of the causes of difference. The dynamic shift from one phase to another upon activation of N-Ras observed by Roy et al. 43 could, potentially, be due to binding to yet-unidentified protein scaffolds (by analogy with H-Ras). In the present report, we make use of a full-length semi-synthetic lipidated N-Ras to demonstrate that it is capable of changing its nano-domain localization in model lipid membranes in nucleotide-dependent manner in the absence of any other proteins.
RESULTS
Our goal was to assess relative affinity of N-Ras lipoprotein to raft and disordered lipid domains in a model lipid system, and determine whether raft affinity of N-Ras is dependent on the nature of a bound nucleotide (hence, the biologically active/inactive protein conformation) in the absence of "helper" proteins. Because of the nanoscale dimensions of rafts, we relied on measurements of FRET between Ras-attached fluorophore and fluorescent lipid domain markers [48] [49] [50] . H-Ras localization was previously probed by FRET to lipid domain markers but those reports did not include N-Ras 51, 52 .
In the following subsections we
(1) evaluated the model lipid bilayers to confirm that they form nanometer ordered domains mimicking size of cellular rafts,
detected non-raft localization of the C-terminal lipidated peptide of N-Ras,
evaluated a hypothesis that the C-terminal peptide may be attracted to the raft boundary,
established lifetime-based detection of nanodomain localization, and (5) detected distinct nanodomain preferences of N-Ras in active and inactive states (bound to GTP mimic or GDP).
Lipid membrane mimic with nano-scale lipid domains
To create lipid bilayers that spontaneously forms nanometer-sized raft domains (approx.
ranging from 4 to 15 nm), we followed Pathak and London 50 and utilized a lipid mixture of sphingomyelin (SM), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and cholesterol in the equimolar ratio (referred to in the following as the raft lipid mixture). A pure POPC lipid was used to make a homogeneous (non-raft) control bilayers. Confocal fluorescence microscopy of a supported lipid bilayer made of the raft lipid mix confirmed that these bilayers do not form non-physiological micrometer-sized rafts (Figure 1 ). We used the NBD-DPPE (green fluorescence) as a lipid raft marker and the Rhod-DOPE (red fluorescence) as a disordered domain marker to detect micrometer-sized domains. Figure 1 reveals To demonstrate the nanoscale domain segregation in raft LUV, we recorded the fluorescence signal of DPH in the absence and the presence of Rhod-DOPE (F o and F samples, respectively; DPH concentration held constant) as a function of temperature (Figure 2A ).
Quenching of the DPH signal by rhodamine manifested itself in a reduced ratio of fluorescence intensity of F to F o sample. Due to difficulty with complete subtraction of the excitation light scattered by LUV, the absolute values of F to F o intensity ratio on the Y axis contained both FRET and scattering contributions. However, the light scattering by LUV is relatively temperatureindependent, therefore, the F/F o variation with temperature reflects the relative change of FRET from DPH to Rhod-DOPE. Similarity of the overall shape of the profiles obtained upon heating and cooling confirmed reversibility of the measurement and relative photostability of the fluorophores. The raft LUV samples revealed a characteristic sigmoidal transition indicating relative segregation of acceptors from donors at low temperatures, and increased access of acceptors to donors upon heating due to melting of the lipid rafts (reduction in average size 50 )-schematically illustrated in Figure 2B . As anticipated, the homogeneous LUV control did not reveal dramatic changes in F/F o upon heating.
Preferential localization of N-Ras C-terminal lipopeptide
To determine a contribution of a lipidated C-terminus of N-Ras to the protein interactions with raft and non-raft lipid domains, we evaluated the preferential localization of N-Ras C-terminal lipopeptide in absence of the G domain. The N-methylanthranyl group (mant) was attached to the lipopeptide N-terminus to serve as a donor fluorophore. The mant is a small and relatively soluble fluorophore that was successfully utilized in a number of biochemical studies and demonstrated to induce minimal perturbations in biomolecular systems [56] [57] [58] . Spectral properties of mant are comparable to DPH, therefore, we expected a similar Förster radius and a similar sensitivity to the domain localization.
Heating and cooling profiles of F/F o for mant-lipopeptide ( Figure 3 ) revealed a pattern, which was opposite to the one observed for DPH in Figure 2A . 
Test of the raft-boundary localization of the C-terminal N-Ras peptide
Experiments with mant-lipopeptide revealed that the lipopeptide is accessible to the acceptor fluorophore, Rhod-DOPE, at all times ( Figure 3 ). However, these experiments could not discriminate the two possibilities: (1) lipopeptide uniformly distributed in the disordered lipid phase, and (2) lipopeptide concentrated at the boundary of the raft domains 44, 60 , because in both scenarios, the mant fluorophore will be easily accessible for quenching by rhodamine.
Localization of the lipopeptide at the raft boundary means the lipopeptide acts as a lineactant (attracted to the line between two-dimensional phases, analogous to surfactants populating surface separating three-dimensional phases) making the boundary more stable in its presence (i.e. line tension is reduced) 61, 62 . Stabilization of the raft boundary may be directly tested by evaluation of melting profiles in the presence of different concentrations of the lineactant. The lineactant facilitates increase of the total length of the boundary thus promoting breaking the existing rafts into smaller ones (destabilization of large rafts). Reduction in raft size will be detectable in FRET experiments with DPH and Rhod-DOPE, because DPH will be more effectively quenched by Rhod-DOPE in smaller rafts. 
Preferential localization of N-Ras bound with fluorescent GDP and GTP-mimics
To determine domain localization of a N-Ras lipoprotein in raft membranes, we measured FRET between Ras-bound fluorescent derivatives of guanosine nucleotides as donors, and Rhod-DOPE localized in disordered lipid domains as an acceptor. To mimic a full-length N-Ras with the native posttranslational lipidation pattern (one palmitoyl and one farnesyl chain), we prepared a semisynthetic protein following protocols developed by Herbert Waldman group [68] [69] [70] . Protein samples were exchanged with mant-nucleotides and associated with LUV by overnight incubation.
Lipoproteins tend to aggregate in aqueous buffers due to their hydrophobic lipid modifications; therefore, it was essential to ensure that any aggregated N-Ras that did not incorporate in LUV was removed before fluorescence measurements. Using size-exclusion chromatography, we achieved complete separation of N-Ras associated with LUV (eluted near exclusion limit of the column; >800 kDa) from the N-Ras aggregates (ca. 500 kDa) as well as from any unbound mantnucleotides (Supporting Figure S1 and Table S2 ).
To establish the predominant localization of the N-Ras bound to mant-nucleotides, we determined efficiency of FRET between mant group and Rhod-DOPE in homogeneous and raft LUV. Since the thermal stability of Ras is relatively limited, we performed all experiments at low temperatures. Figure 7 shows FRET efficiencies calculated for mant in N-Ras-mGDP and N-RasmGppNp in homogeneous and raft LUVs (for a complete summary of the lifetime measurements see Table S1 ). Relatively high FRET efficiencies were observed for N-Ras-mGDP and N-RasmGppNHp associated with homogeneous lipid bilayers indicating significant energy transfer from mant fluorophore to rhodamine of Rhod-DOPE. This is an expected result as the donors are readily accessible to acceptors in the homogeneous bilayer (no domains). In raft LUV samples, N-RasmGDP exhibited very low FRET values indicating effective segregation of mant-labeled Ras-GDP from Rhod-DOPE at 5 o C. These samples also exhibited relatively shorter life times, which might be explained by homotransfer 71, 72 between mant groups due to protein clustering in the rafts 22, 73, 74 .
In contrast, Ras-mGppNHp exhibited relatively high FRET values reporting on easy accessibility of mant to Rhod-DOPE. Table 1 ). The raft LUV sample preparations were repeated to increase confidence in the result (indicated as prep #1 and #2, accordingly).
As an internal control, we attempted to convert raft samples into a "homogeneous" state by heating to 37 o C when much of the raft phase is gone (see Figure 2) . However, at this elevated temperature all homogeneous and raft LUV samples displayed near-zero FRET efficiencies suggesting that mant-nucleotides are completely separated from Rhod-DOPE. This separation might be due to dissociation of mant nucleotides from N-Ras upon heating considering long (1-4 hours) acquisition times of the TCSPC experiment and the weaker affinities of mant-nucleotides to Ras relatively to GDP and GTP. Therefore, we chose to limit our discussion in this paper to the low temperature at which N-Ras is most stable, and the rafts are relatively larger size 50 .
DISCUSSION
FRET analysis of N-Ras association with lipid nanodomains presented in Figure 7 revealed that N-Ras in the GDP-bound form (signaling-inactive state) concentrates in rafts but associates with the disordered phase when bound to a GTP-mimic. 81 . This is contrary to observation of Nicolini and others as well as our own data reported in this paper, which suggests that choice of the lipid system is crucial and far from settled.
In our study, the SM/POPC/cholesterol lipid mixture in equimolar ratio was used to create raft nanodomains most closely mimicking the size of cellular raft domains 50 , and helped reveal the "raft affinity switch" in the N-Ras macromolecule. Obtained data allow us to state that, while interactions with the cellular protein binding partners might be important for regulation of Ras domain preferences, the G domain itself controls the interaction with a raft phase, while C-terminal lipopeptide "pulls" the protein outside of the raft. We do not consider our evidence for nonboundary localization of the C-terminal lipopeptide particularly strong because we do not have a readily available positive control: a well-characterized lineactant that would serve as a calibration for the N-Ras peptide action in Figure 5 . Therefore, our most accurate statement of N-Ras lipid domain preferences would be that G-domain in GDP-bound state is strongly attracted to the lipid rafts overcoming opposite preferences of the C-terminal lipopeptide; the Ras-raft interaction is Finally, we need to make an important cautionary note on the differences that may be reported in studies using bulk fluorescence measurements of LUV vs. confocal microscopy experiments (including single-molecule tracking). The confocal microscopy, by design, involves focusing of a very intense laser light into a very small area to ensure effective excitation. This mode of observation was demonstrated to create artifacts due to overly intense illumination, particularly, when observing Ras, which is a tyrosine-rich molecule prone to irreversible photoactivated cross-linking 91 . Earlier, we established that the light intensity used in a solution fluorescence measurement in a conventional spectrofluorometer did not lead to cross-linking artifacts in a highly homologous Ras construct 92 -therefore, oxidative cross-linking of N-Ras was not expected to negatively affect the results of the current report.
CONCLUSIONS

In this study, we demonstrated that N-Ras lipoprotein changes its lipid nanodomain preferences in a nucleotide-dependent manner in the absence of other membrane proteins (in a model lipid membrane). The signaling-inactive, GDP-bound N-Ras was found to have preferential affinity for lipid rafts. N-Ras in its activated conformation (bound to GTP-mimic) was localized at
the raft boundary or in a disordered lipid phase. Thus, we established that the specific nanodomain preference is an intrinsic property of the full-length N-Ras lipoprotein, which may further be modulated by specific protein-protein interactions in the cell.
MATERIALS AND METHODS
Materials and Methods section in its entirety is included in Supporting Information.
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Protein preparation
Expression and isolation NRas-C118S-181 was performed as described earlier for a similar construct of H-Ras with little modifications 92, 94 . Final yield was approximately 0.5-2 mg of 95% pure protein from each liter of the expression medium.
Preparation of the lipidated peptides
Fmoc-protected farnesylated cysteine was prepared as described 95 . For the preparation of Fmoc-protected hexadecylated cysteine, cysteine was alkylated in the presence of 1,1,3,3-tetramethylguanidine followed by introduction of Fmoc-group using Fmoc N-hydroxysuccinimide ester in the presence of triethylamine 96 .
All lipidated peptides were prepared in a manual solid-phase reactor following published Fmoc chemistry protocols 70, 97 . In brief, 200-350 mg of 4-Fmoc-hydrazinobenzoyl AM Nova Gel (Novabiochem) (substitution 0.64 mmol/g) were used to couple 4 eq Fmoc-protected farnesylated cysteine in the presence of 4 eq HBTU and 4 eq of HOBt. Fmoc-group was removed by treatment with 20% pyridine in DMF. Each subsequent amino acid was coupled in a similar manner. In case of maleimide-or mant-containing lipopeptides, the 6-maleimidohexanoic acid or N-methylanthranilic acid were introduced at the last step of coupling, respectively. To increase the purity of the final lipopeptide, Double coupling followed by capping with 10% of trimethylacetic anhydride in DMF was used for introduction of non-lipidated amino acids. Finally, the peptides were cleaved off the resin by treatment with 0.5 eq Cu(OAc) 2 , 30 eq pyridine, 15 eq acetic acid and 250 eq methanol. We used hexadecyl group in place of palmitoyl for improved stability of the modification 70, 97 . The synthesized peptides were purified using the RP-HPLC-C4 column (Phenomenex). The molecular mass of the pure product was confirmed using matrix-assisted laser desorption ionization (MALDI) mass and tandem liquid chromatography/mass spectrometry (LC-
MS) (See Supporting Information for yields and LC-MS data).
Conjugation reaction and purification of lipidated Ras construct
Conjugation reaction was performed in Triton X-114 solution. This non-ionic detergent undergoes phase separation in aqueous solutions at temperatures above 30°C. Hydrophobic or lipid-modified proteins stay in detergent phase upon separation. The Triton X-114 solution was prepared prior to the reaction to achieve the final concentration of about 30 g/L as described 98 .
Purified N-Ras-C118S-181 protein (10 mg/ml) was dialyzed against 20 mM Tris, pH 7.4, 5 mM To allow for separation of an unreacted protein from the semisynthetic product, the mixture was heated to 37°C until solution became cloudy due to separation of the detergent-rich phase and centrifuged for 10 min at 3500 g with the centrifuge brakes turned off to avoid vibration. The detergent-rich and aqueous phases were separated by aspiration (the aqueous phase was on the top). The detergent phase was combined with a fresh DTT-containing coupling buffer; the aqueous phase was combined with Triton X-114 solution, respectively. The procedure was repeated 3
times. All detergent phases were combined and diluted 10-fold with the cold coupling buffer with 1 mM DTT. To selectively remove the detergent we used Amberlite XAD-2 (Supelco) beads as an absorbent. The 3 g (dry weight) of beads were soaked in methanol followed by a thorough wash with a coupling buffer. The wet beads were added to the 7 ml of diluted detergent phase to provide 20-fold detergent-binding capacity relatively to the amount of Triton X-114 (considering stated 3 g of beads per 0.1 g of Triton) and incubated overnight at 4°C on a rotator. The mixture was filtered and assessed by absorption at 254 nm to verify that concentration of Triton X-114 was reduced below 0.1 mM. Aqueous phases were pooled together to evaluate fraction of Ras protein that did not participate in the conjugation reaction.
To confirm the success of the conjugation reaction, we performed SDS-PAGE and MALDI-TOF analysis of the protein samples before and after conjugation. Figures S5 and S6 show an expected increase in mass of 1315 Da indicating that Ras was successfully conjugates to the lipidated peptide.
LUVs preparation
Lipids and their fluorescent derivatives were dissolved in chloroform (with the exception of DPH, which was dissolved in ethanol) and stored at -20°C. The concentrations of fluorescent lipids were determined by absorbance using ε(Rhod-DOPE) = 88,000 M -1 cm -1 at 560 nm, ε(DPH) = 84,800 M -1 cm -1 at 352 nm, and ε(mant-GDP) = 22,600 M -1 cm -1 at 360 nm.
Lipid unilamellar vesicles, LUV, were prepared by extrusion following published protocols 50, 99 . Lipids, fluorophores and peptides were mixed in glass vials. Rhod-DOPE was added to 2% (mol of total lipid) to create F samples. To make the F o samples, Rhod-DOPE was substituted by 2% DOPG to remove acceptor fluorophore but maintain the negative charge of the bilayer. 
Preparation of Ras-LUV samples
Fluorescent Ras-GDP and Ras-GTP complexes were prepared using the (2'-(or-3')-O-(Nmethylanthraniloyl) guanosine 5'-diphosphate, mGDP, and the slowly hydrolysable GTP mimic
respectively. To prepare N-Ras-mGDP or N-Ras-mGppNHp associated with LUV, the lipidated Ras samples were subject to the nucleotide exchange followed by association with LUV and chromatographic separation as described in the following.
For introduction of mGDP, the GDP nucleotide associated with the GTPase site in Ras was displaced with the mGDP by mass action using the EDTA-assisted method 100 . In brief, the magnesium ions (5 mM MgCl 2 ) in the 40 µM protein samples were chelated with 6 mM EDTA; the 10 mM DTT (final concentration) was added to protect the protein cysteines from oxidation. size-exclusion chromatography as described for Ras-mGDP above.
Confocal microscopy of supported lipid bilayers
Supported lipid bilayers were created using raft LUV and observed with Nikon Perfect
Focus Ti-E inverted research microscope using standard laser and filter sets. NBD-DPPE ( Eq. 2 LUV with N-Ras-mGDP 11 ml >800 kDa LUV with N-Ras-mGppNHp 11 ml >800 kDa Figure S1 . Representative elution profiles of control samples (A) and Ras-LUV conjugate samples used in FRET measurements (B). The LUV elution was followed using rhodamine emission at 590 nm (excited at 560 nm), the protein elution-using mant-nucleotide emission at 440 nm (excited at 360 nm). In A, Control 1 sample contained a mixture of LUV and non-lipidated Ras; Control 2 had lipidated Ras but no LUV. In B, a rhodamine emission profile was identical for both Ras-LUV conjugation reactions-shown by a blue dashed line. Shaded area represents the collection range for the Ras-LUV conjugate sample. sphingomyelin is more hydrophobic than brain sphingomyelin used by Pathak and London 50 , it is expected to make larger rafts and this number will be an upper estimate.
SUPPORTING TABLES AND FIGURES
Lipidated peptides
Mant-Gly-Cys(HD)-Met-Gly-Leu-Pro-Cys(Far)-OMe
Estimation of the length of lipid raft boundary and its occupancy with peptide in case it is boundary-associated
Assuming that lipid raft has a circular shape, the length of the boundary for one lipid raft is C=2× × =62.8 nm
Using an average number of lipid rafts per LUV is estimated above, we can calculated the total length of the lipid raft boundary per one LUV:
Total raft boundary = 1.3 ´10 -5 m
At 0.1% mol/mol of peptide to the total lipid, we will have 70 nm of boundary per one peptide molecule, and 14 nm at 0.5% mol/mol ratio.
Taking into account that lipidated peptide has 7 amino acids (0.8 nm per one amino acid), the estimated length of the extended peptidic part is ca. 6 nm. In the simplistic estimate, we may assume that while the lipid modificaitons anchor the peptide at the boundary, the peptide chain is extended along the boundary helping shield hydrophobic mismatch of the thickness of the raft and disordered phases from aqueous solvent. Janosi et al. reported simulations of H-Ras lipopeptides at the membrane surface, where Ras peptides average end-to-end distance was about 1.2 nm{Janosi, 2012 #6044}. Since the actual conformation of N-Ras lipopeptide at the raft boundary is unknown, we will use 1 nm to 6 nm as a range and arrive at the 1-9% of boundary occupied at the 0.1% peptide concentration and 7-40% at 0.5%.
Calculation of the protein surface density for Ras-LUV complex
To calculate protein surface density, we will relate experimentally measured protein content of LUV sample to the total area of LUV in them. To estimate the outer surface area of LUV, we use Calculating molar surface density of Ras on LUV and converting it to units of molecules per square micrometer gives 40,000 µm 2 for homogeneous and 13,000 µm 2 for raft LUV samples.
